The carboxypeptidase ACE2 is a homologue of angiotensin-converting enzyme (ACE). To clarify the physiological roles of ACE2, we generated mice with targeted disruption of the Ace2 gene. ACE2-deficient mice were viable, fertile, and lacked any gross structural abnormalities. We found normal cardiac dimensions and function in ACE2-deficient animals with mixed or inbred genetic backgrounds. On the C57BL/6 background, ACE2 deficiency was associated with a modest increase in blood pressure, whereas the absence of ACE2 had no effect on baseline blood pressures in 129/SvEv mice. After acute Ang II infusion, plasma concentrations of Ang II increased almost 3-fold higher in ACE2-deficient mice than in controls. In a model of Ang II-dependent hypertension, blood pressures were substantially higher in the ACE2-deficient mice than in WT. Severe hypertension in ACE2-deficient mice was associated with exaggerated accumulation of Ang II in the kidney, as determined by MALDI-TOF mass spectrometry. Although the absence of functional ACE2 causes enhanced susceptibility to Ang II-induced hypertension, we found no evidence for a role of ACE2 in the regulation of cardiac structure or function. Our data suggest that ACE2 is a functional component of the renin-angiotensin system, metabolizing Ang II and thereby contributing to regulation of blood pressure.
Introduction
The renin-angiotensin system (RAS), which is highly conserved through phylogeny, plays a critical role in regulating blood pressure and cardiovascular functions (1, 2) . In this cascade, the substrate protein angiotensinogen is cleaved by the aspartyl protease renin to form angiotensin I (Ang I), a decapeptide that is apparently devoid of physiological activity. Ang I is further hydrolyzed by angiotensinconverting enzyme (ACE) to form Ang II. This octapeptide is the major mediator of the diverse biological functions of the RAS. Two distinct pharmacological classes of receptors for Ang II, AT 1 and AT 2 , have been identified, cloned, and sequenced (3) . Most of the classically recognized actions of Ang II, including vasoconstriction, stimulation of aldosterone release, and antinatriuretic effects in the kidney, are mediated by AT 1 receptors (3). The importance of the RAS in hypertension and in the pathogenesis of heart and kidney disease has been clearly documented through a series of clinical trials with ACE inhibitors and AT 1 receptor blockers (4) (5) (6) (7) (8) (9) (10) (11) .
ACE, which plays a pivotal role in production of Ang II, is an ectoenzyme consisting of transmembrane and catalytic domains (12) . There are 2 distinct forms of ACE, somatic and testicular, both generated by alternative splicing of a single gene (13, 14) . Somatic ACE is expressed on the surface of endothelial cells throughout the body and is particularly abundant in lung, intestine, choroid plexus, and placenta and on brush border membranes in the kidney. Using genome-based strategies, homologues of ACE have been identified (15) (16) (17) (18) . One of these, ACE2, exhibits more than 40% identity at the protein level with the catalytic domain of ACE (15, 16) . Similar to ACE, ACE2 is expressed on the surface of certain endothelial cell populations. However, compared with the ubiquitous distribution of ACE, the expression pattern of ACE2 is more limited, with the most abundant expression in kidney, followed by heart and testis (15, 16) . Their substrate specificities also differ; ACE2 hydrolyzes Ang II with high efficiency but has much lower activity against Ang I (15, 16, 19) .
ACE2 was originally identified and cloned from a cDNA library prepared from ventricular tissue of a patient with heart failure (15) . The high levels of ACE2 expression in the heart and kidney (15, 16) suggest a potential role in cardiovascular regulation. To explore the physiological role of ACE2, we studied the effects of targeted disruption of the Ace2 gene in mice. Our studies indicate that ACE2 plays a nonredundant role in the regulation of blood pressure through its actions to metabolize Ang II. However, in contrast to previous reports (20) , we find no evidence for a major contribution of ACE2 to the regulation of cardiac structure and function.
Results

Generation of ACE2-deficient mice.
The exon of the Ace2 gene containing the Zn-binding signature motif, HEMGH, was replaced with a NEO/URA3 cassette to generate ACE2 KO mice ( Figure 1 , A and B). As shown in Figure 1C , 2 ACE2 transcripts of approximately 3 and 4 kb can be detected in kidneys of WT mice. Neither transcript could be detected in RNA extracted from kidneys of Ace2 -/y animals using either a murine active-site probe ( Figure  1C ) or a probe derived from the 5′ region of the ACE2 cDNA (data not shown). ACE2 protein was likewise undetectable with Western blots of protein extracts from kidneys of Ace2 -/y animals ( Figure 2) . Thus, mice with targeted disruption of the Ace2 locus lacked ACE2 mRNA transcripts and ACE2 protein. The ACE2-null mice were fertile, lacked any gross anatomical or structural abnormalities, and had a normal lifespan.
Echocardiography. To determine the effect of the Ace2 mutation on cardiac function, transthoracic 2-dimensional guided M-mode echocardiography was performed in conscious mice as described previously (21, 22) . As shown in Table 1 , the echocardiographic findings were virtually identical in the ACE2-deficient animals with mixed genetic background and their WT littermates. This includes similar values for LV end-diastolic and end-systolic dimensions, percentage fractional shortening, and posterior wall thickness. The only significant difference between the groups with mixed genetic background was a modest but significant reduction in heart rate in the Ace2 -/y mice.
As these findings differ from a previous report suggesting that ACE2-deficient mice develop LV dilatation and hypocontractility (20) , we backcrossed the Ace2-null mutation for more than 6 generations on each of the parental lines (C57BL/6 and 129/ SvEv) and assessed cardiac function by echocardiography in conscious, inbred male C57BL/6-and 129/SvEv-Ace2 -/y mice at 3 and 6 months of age. Like the older mice on a mixed genetic background, inbred male C57BL/6-and 129/SvEv-Ace2 -/y mice had normal cardiac systolic function compared with their WT littermates at 3 (not shown) and 6 months of age (Table 1) . These studies indicate that the absence of functional ACE2 has no detectable effect on cardiac dimensions or ejection fraction in conscious mice under basal conditions.
The contribution of ACE2 to baseline blood pressure regulation. To determine the effects of ACE2 deficiency on regulation of blood pressure, we first measured blood pressures by tail cuff manometry in a group of ACE2-deficient mice with mixed (129/SvEv × C57BL/6) genetic backgrounds produced within the first few generations after the original germ-line transmission of the Ace2 mutation from chimeras (Table 2) . In this first cohort of mice, systolic blood pressures were modestly elevated in Ace2 -/y mice (128 ± 3 mmHg) compared with WT littermates (121 ± 1 mmHg; P < 0.05). By contrast, in a separate cohort of mice with mixed genetic backgrounds generated later after 2 generations of backcrossing onto the 129/SvEv background, we found no difference in systolic blood pressure between the ACE2-deficient mice and their WT littermates (132 ± 6 versus 130 ± 6 mmHg; P = 0.83). Because of this variability between blood pressures in distinct groups of animals with mixed genetic backgrounds generated at different stages of backcrossing, we next examined blood pressures in the inbred ACE2-deficient lines.
As shown in Table 2 , systolic blood pressures were virtually identical in the 129/SvEv ACE2-deficient mice and their genetically matched controls (132 ± 4 versus 132 ± 4 mmHg). On the other hand, systolic blood pressures were modestly but significantly increased in C57BL/6 ACE2-deficient mice compared with their WT littermates (132 ± 2 versus 125 ± 1 mmHg; P < 0.01); the magnitude of the blood pressure increase in these animals (∼7 mmHg) was very similar to that observed in the first cohort of mixed-background mice (Table 2) . Taken together, these data suggest that the impact of ACE2 on baseline blood pressure homeostasis is strongly influenced by genetic background. A significant contribution of ACE2 to the regulation of blood pressure is apparent only on the permissive C57BL/6 background. However, this modest alteration in blood pressure is not sufficient to cause cardiac hypertrophy, as heart weights are similar in C57BL/6 ACE2-deficient and WT mice (heart weight/body weight: 5.0 ± 0.3 versus 5.2 ± 0.7; P = 0.44).
Figure 1
Generation of ACE2 KO mice. (A) Strategy for producing targeted disruption of the Ace2 gene. In the targeting vector, the exon containing nucleotides +1069 to +1299 encoding the active site of the ACE2 enzyme (including the Zn-binding signature motif, HEMGH) was replaced with a NEO/URA3 cassette. (B) The genotype at the Ace2 locus was determined by Southern blot hybridization using the 5′ flanking probe. After digestion of genomic DNA by EcoRI, a 6-kb band was diagnostic of the targeted allele, and the WT allele was identified by an 11-kb band. Het, heterozygous. (C) Northern blot analysis of kidneys from Ace2 -/y and Ace2 +/y mice hybridized with a cDNA probe for mouse ACE2. ACE2 mRNA was not detected in kidney RNA from Ace2 -/y mice.
Figure 2
Western blot of kidney homogenates. Protein extracts were prepared from kidneys of WT and ACE2-deficient mice and size-fractionated on PAGE gels. ACE2 protein was identified with a specific rabbit antiserum. The ACE2 immunoreactive band is absent in ACE2-null animals.
Effects of ACE2 deficiency on plasma levels of Ang II. To examine the effect of the Ace2 mutation on Ang II metabolism in vivo, we measured plasma Ang II levels before and after Ang II was infused i.v. at 100 ng/min for 15 minutes. Figure 3 shows that the preinfusion Ang II levels tended to be higher in Ace2 -/y mice than in controls, but this difference was not statistically significant (283 ± 148 versus 225 ± 89 fmol/ml; P = 0.74). After the infusion, serum Ang II levels increased dramatically in both groups and were almost 3-fold higher in Ace2 -/y mice (2,644 ± 454 fmol/ml) than in controls (918 ± 370 fmol/ml; P = 0.019).
Enhanced susceptibility to angiotensin-dependent hypertension in ACE2-deficient mice. Because of the apparent differences in acute metabolism of Ang II in the ACE2-deficient mice, we carried out additional experiments to determine whether the absence of ACE2 might enhance the severity of blood pressure elevation in a model of Ang II-dependent hypertension. To this end, we compared the blood pressures of inbred 129/SvEv ACE2-deficient mice with those of 129/SvEv WT controls during chronic infusion of Ang II. For these studies, mice were implanted with radiotelemetry transmitters to continuously measure blood pressures before and during Ang II infusion. After baseline blood pressures were recorded for 7 days, osmotic pumps were implanted to infuse Ang II at 40 pmol/min for 2 weeks.
During the baseline period, we found that blood pressures were virtually identical in the inbred 129/SvEv ACE2-deficient mice and their WT littermates (24-hour mean arterial pressures: 133 ± 2 versus 131 ± 2 mmHg; P = 0.65). These findings are consistent with the baseline measurements made previously with tail cuff manometry ( Table 2 ). As shown in Figure 4 , blood pressures in the WT 129/SvEv mice increased significantly with Ang II infusion (P = 0.0005). Over the same period, blood pressures also increased in the ACE2-deficient mice in response to the chronic Ang II infusion (P = 0.0002). However, the magnitude of this increase was almost 2-fold greater in the ACE2-deficient animals (+64 mmHg) than in controls (+36 mmHg). Accordingly, after 2 weeks of Ang II infusion, blood pressures were significantly higher in 129/SvEvAce2 -/y mice (195 ± 6 mmHg) than in their WT littermates (169 ± 6 mmHg; P = 0.01) ( Figure 4 and Table 3 ).
Analysis of renal angiotensin peptides. To examine the mechanism for the more marked blood pressure response to Ang II in the ACE2-deficient mice, we measured levels of Ang II in the kidneys of mice that received chronic infusions of Ang II using matrixassisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. After chronic Ang II infusion, renal Ang II content increased nearly 6-fold (28% ± 5% versus 5% ± 0.2% relative intensity; P = 0.0008) in the ACE2-deficient mice compared with WT littermates ( Figure 5 ). Thus, the enhanced susceptibility to Ang II-dependent hypertension in the ACE2-deficient mice was associated with marked accumulation of intact Ang II peptide in the kidney.
Discussion
ACE2 is a recently discovered homologue of ACE that metabolizes angiotensin peptides in vitro with relatively high affinity (15-17, 19, 23) . While ACE2 is expressed in a number of tissues, the kidney is the site of the highest levels of expression, and the pattern of ACE2 expression in the kidney is reminiscent of that of conventional ACE (15, (24) (25) (26) (27) (28) . Moreover, renal expression may be modulated in disease states including diabetic nephropathy (26) . There are, however, only limited data on the specific functions of ACE2 in vivo in the intact animal. We have used gene targeting to examine the physiological role of ACE2. Unlike a previous study (20) , we find no evidence of a significant role for ACE2 in the modulation of cardiac function. However, our studies identify a role for ACE2 in blood pressure regulation through its capacity to metabolize Ang II in the kidney.
ACE2 expression is relatively abundant in the heart (15, 16) , and the cDNA for ACE2 was originally identified from a library derived A P < 0.05 versus Ace2 +/y . LVDd, LV diastolic diameter; LVDs, LV systolic diameter; IVSW, interventricular septal wall; PW, posterior wall; ET, ejection time; HR, heart rate; %FS, percentage fractional shortening; LVm, LV mass; mVcf, mean velocity of circumferential fiber shortening; Mixed, 129/SvEv × C57BL/6.
Table 2
Systolic blood pressures (mmHg)
Genetic background WT ACE2 KO
Mixed I (129/SvEv × C57BL/6) 121 ± 1 (n = 9) 128 ± 3 A (n = 8) Mixed II (129/SvEv × C57BL/6) 130 ± 6 (n = 5) 132 ± 6 (n = 7) 129/SvEv 132 ± 4 (n = 10) 132 ± 4 (n = 6) C57BL/6 125 ± 1 (n = 19) 132 ± 2 B (n = 15) from ventricular tissue from a patient with congestive heart failure (15) . However, our studies would suggest that ACE2 does not play a major role in regulation of normal cardiac function. For example, noninvasive measurements of cardiac function were virtually identical in ACE2-deficient mice and their littermate controls. Specifically, LV end-systolic and end-diastolic dimensions along with percentage fractional shortening were normal in the Ace2 -/y mice of mixed genetic background, and there were no differences between the ACE2-deficient and WT mice in any of the parameters measured. Our findings differ from a previous report of an independently generated ACE2-deficient mouse line that described a severe cardiac contractility defect as a prominent feature of ACE2 deficiency (20) . This phenotype was characterized by increased LV end-diastolic dimension and LV end-systolic dimension, along with reduced ejection fraction; it was more severe in males and became progressively worse with age. This is in marked contrast to our findings of normal cardiac function in ACE2-deficient mice across several different genetic backgrounds and at different ages, including male ACE2-deficient mice that were more than 14 months old ( Table 1 ). The dramatic difference in phenotypes between the 2 ACE2-deficient lines cannot be easily explained by differences in the gene disruption methodology, as the exon encoding the active site of the enzyme was deleted in both lines. One factor that may have impacted the assessments of cardiac function was the use of anesthesia for the echocardiographic measurements. General anesthesia has well-recognized effects to depress cardiac function (29) . Moreover, echocardiographic measurements may be affected substantially by anesthesia, and these effects vary depending on the type and duration of anesthesia (30, 31) . Compared with the use of conscious, unanesthetized animals in our studies, it is possible that the use of anesthesia in the previous studies of Crackower et al. might have generated apparent abnormalities in cardiac function (20) .
Another common cause of variable phenotypes in transgenic mouse models is a difference in genetic backgrounds. Both lines of ACE2-deficient mice were generated from ES cells derived from 129 strain mice and chimeras that were initially backcrossed to C57BL/6. The precise genetic background of the animals reported by Crackower et al. (20) was not specified but is likely to have been a random mix of the 2 parental lines. In our studies, there were no apparent cardiac abnormalities in ACE2-deficient animals with mixed genetic backgrounds or in inbred mice generated by separate backcrosses of the Ace2 mutation onto the 2 original parental backgrounds. Thus, a modifying influence of genetic background does not seem to explain the different phenotypes. Nonetheless, because there was no abnormal cardiac phenotype in our ACE2-deficient mice, the line could be used to study the role of ACE2 in regulation of blood pressure without concern for potentially confounding effects of impaired cardiac function.
In separate comparisons of cohorts of mice with mixed or inbred backgrounds, we carefully assessed the effects of ACE2 deficiency on blood pressure. In animals with genetic backgrounds that were a random mix of C57BL/6 and 129, the effect of ACE2 on blood pressure was inconsistent. In one early cohort of mixedbackground mice, blood pressures were higher in ACE2-deficient mice than their WT littermates. However, in a second cohort, backcrossed 2 generations onto the 129/SvEv background, there was no difference in blood pressure between ACE2-deficient and control mice. This variability in blood pressure suggested that there might be genetic modifiers in the parental backgrounds affecting this trait. To test for this possibility, we generated distinct lines of inbred ACE2-deficient mice with homogeneous genetic backgrounds and examined their blood pressures. Blood pressures of inbred 129/SvEv ACE2-deficient mice were virtually identical to those of 129/SvEv controls. By contrast, on the C57BL/6 background, ACE2 deficiency was associated with a modest but statistically significant increase in blood pressure of approximately 7 mmHg. This level of increase was very similar to that observed in the initial cohort of mixed-background animals. Taken together, these findings suggest that background genes can significantly modify the impact of ACE2 on blood pressure homeostasis. Therefore, in a permissive genetic milieu, ACE2 can contribute significantly to determining the baseline level of blood pressure.
Figure 3
Plasma Ang II levels in Ace2 -/y and Ace2 +/y mice. Plasma Ang II levels were measured in Ace2 -/y and Ace2 +/y mice before and after infusion of Ang II. The filled circles depict the ACE2-deficient animals, and the open circles show the WT controls. Data are presented as the mean ± SEM. *P = 0.019 versus WT with Ang II infusion.
Figure 4
Radiotelemetry measurement of systolic blood pressure before and during Ang II infusion. Systolic blood pressures (SBPs) were recorded continuously in WT (open circles) and ACE2 KO (filled circles) mice. Ang II infusion was initiated on day 1. Baseline SBPs were similar in both groups (day 0). Chronic infusion of Ang II caused blood pressures to increase in both groups. However, by day 4 of Ang II infusion, blood pressure was significantly higher in ACE2 KO mice than in controls and remained higher throughout the remainder of the infusion period (*P < 0.05).
ACE2 is a mono-carboxypeptidase, and previous in vitro studies have demonstrated its capacity to metabolize angiotensin peptides including Ang I and II (15, 16, 19) . Therefore, we were interested in the effects of ACE2 deficiency on the disposition of plasma Ang II in the intact animal. At baseline, we found no significant differences in plasma Ang II levels between WT and ACE2-deficient mice. However, after an acute i.v. infusion of Ang II, we found that plasma levels of Ang II were almost 3-fold higher in ACE2-deficient mice than in controls. This finding suggests that ACE2 is a key pathway for the metabolism of Ang II in vivo.
In Ang II-dependent hypertension, intrarenal actions of Ang II contribute to antinatriuresis, and elevation of blood pressure is associated with accumulation of Ang II peptide in the kidney (32, 33) . Because of the high levels of ACE2 expression in the kidney (15) and our demonstration of the key contribution of ACE2 to Ang II metabolism, we posited that ACE2 might function to attenuate the hypertensive actions of Ang II. To test this hypothesis, we compared the responses of ACE2-deficient and WT mice to chronic infusion of Ang II, a widely used model of angiotensin-dependent hypertension (34) . Chronic infusion of 40 pmol/min of Ang II over 14 days caused a significant increase in blood pressure in WT mice (Table 3) , as expected (35, 36) . Administration of an equivalent concentration of Ang II to ACE2-deficient mice caused a significantly larger increase in blood pressure that was almost 2-fold greater than that in controls. Thus, the absence of ACE2 enhances the severity of Ang II-dependent hypertension.
To determine whether the exaggerated severity of hypertension in ACE2-deficient mice was associated with altered metabolism of Ang II in the kidney, we compared the levels of renal angiotensin peptides in the 2 groups using a novel application of MALDI-TOF mass spectrometry. Compared with other available techniques, this method affords advantages in specificity and sensitivity for angiotensin peptide detection (37, 38) . After chronic Ang II infusion, we find that renal Ang II levels are more than 5-fold higher in ACE2-deficient mice than in controls, indicating that the more severe hypertension in ACE2-deficient mice is due to impaired metabolism of Ang II in the kidney. Thus, ACE2 appears to have a critical role to regulate local concentrations of Ang II in the kidney. Because of the powerful effects of Ang II to stimulate renal sodium reabsorption, this represents a potent pathway for controlling blood pressure.
Our findings suggest that ACE2 regulates cardiovascular responses by degrading Ang II and attenuating its actions at the AT 1 receptor. However, it should be noted that hydrolysis of Ang II by ACE2 generates another peptide with putative biological actions: angiotensin 1-7 (19) . Accumulating evidence suggests that this peptide causes vasodilation and natriuresis and may promote reduced blood pressures (39) , and it has been further suggested that ACE2 may be a major pathway for synthesis of angiotensin 1-7 (40) . It is therefore conceivable that production of angiotensin 1-7 by ACE2 may have physiological consequences and that reduced synthesis of angiotensin 1-7 might also contribute to the proclivity of ACE2-deficient mice to develop hypertension. However, the robust, 5-fold increase in renal Ang II levels observed in the ACE2-deficient mice is likely sufficient to explain the difference in severity of hypertension, independently of any potential effect of angiotensin 1-7.
In summary, our studies in ACE2-deficient mice have identified a role for ACE2 in regulation of blood pressure, and they establish ACE2 as a functioning component of the RAS in vivo. These findings are consistent with and provide a potential mechanistic basis for the reported linkage of the Ace2 gene locus with genetic hypertension in rats (20) . Our data support a model in which ACE2 contributes to the metabolism of Ang II in vivo, and the absence of this activity results in enhanced susceptibility to 
Figure 5
Measurement of renal angiotensin peptides using MALDI-TOF mass spectrometry. Representative spectrum for kidney extracts from a WT (A) and an ACE2-deficient mouse (B) after chronic infusion of Ang II. Ang I was added to both samples as an internal standard (IS). The level of Ang II is represented by the peak corresponding to the molecular weight at 1,046.44 m/z (massto-charge ratio) in kidney extracts from a WT mouse (A) and an ACE2-deficient mouse (B). Compared with kidneys from WT controls, Ang II was increased nearly 6-fold in kidneys from ACE2-deficient mice. *P = 0.0008.
Ang II-dependent hypertension. Because of its very high levels of expression in kidney, we suggest that regulation of blood pressure by ACE2 may primarily involve modulation of the actions of Ang II at renal AT 1 receptors.
Methods
Generation of ACE2-deficient mice. BAC145d21 containing a portion of the murine Ace2 gene was identified by Southern hybridization using a 1.8-kb EcoRI fragment of the human ACE2 cDNA. A 5.2-kb fragment of BAC145d21 that included the exon containing sequences encoding the active site of the ACE2 enzyme (+1069 to +1299) was subcloned into the yeast shuttle vector YCpLac22 (pMD44). A 3.4-kb fragment containing the NEO/URA3 cassette from pRAY-1 and flanked by Ace2 genomic sequence was generated by PCR and cotransformed with pMD44 into yeast strain YPH501 for homologous recombination. The final linearized targeting construct, shown in Figure 1A , was electroporated into MPI1-12D ES cells that had been derived from 129/SvEvfBRTac mice. G418-resistant ES cells were screened for homologous recombinants by Southern blot hybridization with genomic probes that were outside of the targeting construct (Figure 1, A and B ). Targeted ES clones were then injected into C57BL/6H blastocysts to generate chimeras. Male chimeras were crossed with C57BL/6J females, and offspring that received the ES genome were identified by their agouti coat color. Because the ES cell line is XY and the Ace2 gene is located on the X chromosome, all agouti females were heterozygous for the mutation. These heterozygous females were bred with C57BL/6J male mice and the offspring genotyped by Southern blot hybridization using the 5′ flanking probe as depicted in Figure 1B .
To document the absence of Ace2 gene expression, Northern analysis was performed using 10 μg total RNA from the kidneys of Ace2 -/y and Ace2 +/y mice hybridized using a fragment of the mouse cDNA including sequences from the active site of the ACE2 enzyme that should have been deleted by the targeting event and a second probe derived from the 5′ region of the rat ACE2 cDNA.
ACE2-deficient mice were compared with appropriate littermate controls. To determine the effect of genetic background on ACE2 deficiency, inbred animals were generated through backcrossing for at least 6 successive generations onto a C57BL/6J or 129/SvEv genetic background. All mice were bred and maintained in the Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facilities at Millennium Pharmaceuticals Inc. and the Duke University and Durham VA Medical Centers according to NIH guidelines. Approval for animal care and use in these experiments was granted by the Animal Care and Use Committees of the Duke University and the Durham VA Medical Centers.
Analysis of ACE2 protein. Kidneys from Ace2 +/y and Ace2 -/y mice were homogenized in 10 mmol/l HEPES, 150 mmol/l NaCl, 1 mmol/l EGTA, 500 mmol/l MgCl2, and 0.02% NaN3, pH 7.2, with a protease inhibitor cocktail (Calbiochem) added. Homogenates were centrifuged for 30 minutes at 1,000 g, and supernatants were stored at -80°C. Protein concentration was determined by Bradford assay (Bio-Rad Protein Assay; Bio-Rad Laboratories). For Western analysis of ACE2 protein, rabbit antiserum was generated against human ACE2 peptides 489-508 (EPVPHDETYCD-PASLFHVSN) and purified by affinity on a peptide column. The purified antibody, anti-ACE2 (489) , was used at a 1:5,000 dilution. Twenty micrograms of the murine kidney homogenates was loaded onto 10% precast NuPAGE Novex Bis-Tris Gels (Invitrogen), separated at 100 V for 2 hours, and transferred to Hybond-P (Amersham Biosciences) using a semi-dry transfer system (Hoefer). The blots were incubated in blocking buffer (5% nonfat milk, 0.1% Tween-20, in PBS) for 1 hour at room temperature or overnight at 4°C. Membranes were then incubated with anti-ACE2 (489) for 1 hour in PBS with 0.1% Tween-20, 1% FBS, and were washed once for 15 minutes and 3 times for 5 minutes in PBS containing 0.1% Tween-20, 1% FBS. Membranes were incubated with a 1:25,000 dilution of donkey antirabbit-HRP (Amersham Biosciences) in PBS with 0.1% Tween-20, 1% FBS for 30 minutes, followed by washing as above and detection using the ECL Plus kit (Amersham Biosciences).
Echocardiography. Transthoracic 2-dimensional guided M-mode echocardiography was performed in conscious mice using an HDI 5000 echocardiograph (Philips) as previously described (21, 22) . The following parameters were measured: LV end-diastolic dimension (LVEDD); LV end-systolic dimension (LVESD); percentage fractional shortening, calculated as (LVEDD -LVESD)/LVEDD; septal wall thickness; posterior wall thickness; and heart rate-corrected mean velocity of circumferential fiber shortening, calculated as fractional shortening divided by ejection time multiplied by the square root of the R-R interval.
Systolic blood pressure measurements in conscious mice by tail cuff manometry. Systolic blood pressures were measured in conscious mice using a computerized tail cuff system (Visitech Systems) that determines systolic blood pressure with a photoelectric sensor (41, 42) . This system allows pressures to be measured in 4 mice simultaneously and minimizes the potential for observer bias. Before the study was initiated, mice were adapted to the apparatus for at least 5 days. The validity of this system has been established previously (41, 42) .
Blood pressure measurements in conscious mice by radiotelemetry. In some experiments, a radiotelemetry system (Transoma Medical) was used to monitor blood pressure in conscious mice, as described previously (43) . Mice were anesthetized with isoflurane (44) , and a pressure-sensing catheter was implanted in the left carotid artery. The transducer unit was inserted into a subcutaneous pouch generated by blunt dissection inferiorly from a neck incision along the right flank. Mice were allowed 1 week to recover from surgery and regain normal circadian rhythms before measurements were recorded. During the measurement period, mice were housed in a monitoring room where quiet is maintained and no other experiments are performed. Arterial blood pressure measurements from unanesthetized, unrestrained animals were collected, stored, and analyzed using Dataquest ART software (version 3.1; Transoma Medical). Measurements at baseline and during Ang II infusion were taken over a 10-second interval every 5 minutes for at least 7 consecutive days.
Acute infusions of Ang II. In order to examine the role of ACE2 in the metabolism of Ang II in vivo, Ang II peptide was administered by i.v. infusion in WT (n = 5) and ACE2-deficient mice (n = 6). On the day of study, animals were anesthetized with isoflurane, and a flexible plastic catheter (0.020ID; Braintree Scientific Inc.) was placed in the carotid artery to monitor arterial pressure. A second catheter was placed in the jugular vein to infuse Ang II. After an equilibration period of 5 minutes, a sample of arterial blood was obtained for measurement of plasma Ang II levels as described below. Mice then received an i.v. infusion of 100 ng/min Ang II over 15 minutes. Ten minutes after the Ang II infusion was completed, a second sample of arterial blood was obtained for measurement of plasma levels of Ang II.
Ang II levels in plasma. Blood was collected into chilled tubes containing a mixed inhibitor solution (0.44 mM o-phenanthrolene, 25 mM EDTA, 1 mM 4-chloromercuribenzoic acid, and 0.12 mM pepstatin A) as previously described (45) . Plasma was obtained by low-speed centrifugation at 4°C and applied to AccuBOND II Phenyl Cartridges (Agilent Technologies). Ang II was eluted from the column with methanol, dried, and reconstituted in buffer. Concentrations of Ang II were measured by enzyme immunoassay (46) based on the manufacturer's instructions (SPI bio). With this assay, the lower limit of detectability for Ang II is 1 pg/ml, and cross-reactivity is 4% for Ang I, 33% for Ang III, and less than 0.01% for angiotensin 1-7.
Chronic Ang II administration. To examine the effects of the Ace2 mutation on susceptibility to Ang II-induced hypertension, Ang II peptide (Sigma-Aldrich) was infused chronically. Mice were anesthetized with isoflurane, and ALZET minipumps were implanted subcutaneously. Pumps were preloaded with solutions of Ang II in sterile 0.9% sodium chloride solution in order to infuse Ang II at a rate of 40 pmol/min for 28 days. During the infusion, blood pressure was monitored by tail cuff manometry or by radiotelemetry as described above.
Measurement of angiotensin peptides in kidney tissue using MALDI-TOF mass spectrometry. Separate groups of Ace2 +/y and Ace2 -/y mice (n = 10 per group) received chronic infusions of Ang II as described above, and, after 21 days, Ang II levels in their kidneys were measured. Using an automated tissue homogenizer, kidneys were homogenized in ice-cold methanol and centrifuged at low speed at 4°C. Supernatants were decanted, dried under a vacuum, and then dissolved in water with 0.1% trifluoroacetic acid (TFA). Reconstituted extracts were then applied to prepared Sep-Pak solid-phase extraction cartridges (Waters), and eluted using methanol with 0.1% TFA. Methanol was evaporated, and dried samples were reconstituted in water with 0.1% TFA. Twenty microliters of kidney extract was dried using vacuum centrifugation to 2 μl, which was then mixed with 1 μl of internal standard (Ang I, 5 pmol). Three microliters of matrix (50 mM α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% TFA) was added to each sample. One microliter of this mixture was spotted on a target plate and allowed to air-dry. The plate was loaded into an ABI 4700 MALDI TOF/TOF mass spectrometer. The laser voltage was set to 3,800 V, and each data point is a result of 10,000 shots to the sample. Signal intensity ratios of Ang II to the internal standards were used to calculate the relative amount of Ang II in the samples. For the spectra of the standards, 1 pmol each of Ang II, Ang III, and angiotensin 1-7 (Bachem) was spotted with 1 μl of matrix and subjected the same treatment as the sample extracts.
Statistics. The values for each parameter within a group are expressed as mean ± SEM. For comparisons between WT and ACE2-deficient groups, statistical significance was assessed using an unpaired 2-tailed Student's t test. A paired 2-tailed Student's t test was used for comparisons within groups. P values less than 0.05 were considered significant.
